Formaldehyde (CH20) is a colourless, flammable gas with a strong, pungent odour. As an important industrial chemical of major commercial use, formaldehyde is found throughout the environment. In outdoor air it can originate from many sources, such as incinerators, photochemical smog, and engine exhaust. Atmospheric concentrations of formaldehyde have been reported to range from under 0005 ppm to 0-6 ppm near industrial outlets or in areas of heavy smog. ' (NIOSH) had estimated that 800 employees may be at risk of exposure to the high concentrations of formaldehyde found in industrial synthesis, formulation, and distribution of concentrated products. 3 The numerous uses of formaldehyde and its derivatives indicate, however, that a substantially larger population of employees may be at risk from intermittent exposures to products containing sources of formaldehyde or its congeners and derivatives.
Occupational exposures usually result from the release of free formaldehyde vapour into the air. Principal hazards associated with human exposures to airbome formaldehyde are irritation of the respiratory tract, eye, and skin.4 In a recent intelligence bulletin NIOSH recommended that formaldehyde be handled as a potential occupational carcinogen and that appropriate controls be used to reduce worker exposure. ' These recommendations were based primarily on a Chemical Industry Institute of Toxicology (CIIT) study in which laboratory rats and mice exposed to formaldehyde vapour developed nasal cancer5 6 (WD Kerns, at 3rd CIIT Conference on Toxicology, Raleigh, N Carolina, November 1980) . These results were supported by a New York University study, where rats exposed to a mixture of formaldehyde and hydrochloric acid vapours developed nasal cancers. ' Formaldehyde has also been shown to be a mutagen in several shortterm laboratory studies. ' Currently, there is little information available on the chronic toxicity and potential carcinogenicity related to human exposure to formaldehyde. This is a report of a proportional mortality study of workers exposed to formaldehyde at a large chemical producing plant in the United States owned and operated by the Monsanto Company. The Monsanto Company started using formaldehyde at its Springfield/Indian Orchard, Massachusetts, plant in 1938. The chemical was used as a raw material in the manufacture of such products as phenolic resins, urea-formaldehyde resins, melamine-formaldehyde resins, hexamethylenetetramine, and resorcinol. Formaldehyde was first produced on a commercial scale at Springfield in 1948. (98-2%) of the remaining deaths. Table 2 shows that 15-4% of the formaldehydeexposed workers are non-white compared with only 2-6% among the non-exposed workers. To facilitate the statistical analyses, the six decedents with unknown race were assumed to be white.
Methods

GENERAL MORTALITY
The relative frequency of specific causes of deaths in the decedent groups of interest was compared with "expected numbers" based on the mortality experience of the white and non-white male populations of the total United States. Using the occupational cohort mortality analysis program (OCMAP), expected numbers of deaths were calculated by applying the cause-specific proportional mortality of United States white and non-white men with the total number of white and non-white deaths in the study group, while indirectly adjusting for age and time period using the 15 age intervals, <20, 20-24, 25-29, ..., 75-79, 80-84, 85 or more, and six time periods, 1950-4, 1955-9, 1960-4, 1965-9, 1970-4, 1975 and later.9 To adjust for geographical variations in mortality expected numbers of deaths were also computed realising that the probability of a comparison showing significance by chance alone increases with the number of comparisons made. With n independent comparisons, the probability of falsely claiming statistical significance at the 5% level in one or more comparisons is 1-(O095)n.
MORTALITY IN RELATION TO FORMALDEHYDE EXPOSURE
To examine mortality patterns associated with employment in a particular formaldehyde-related plant area, it was necessary to devise a classification scheme that would assign each decedent to the one plant area that best represented his overall experience of exposure to formaldehyde. The achieve this goal, three different classification schemes were investigated. Scheme 1 categorised the workers into the plant area where first employed, whereas under scheme 2 workers were assigned to the plant area associated with the longest duration of employment. Categorisation under scheme 3 was made if a worker was employed in one and only one formaldehyde-related area throughout his entire work history. This third scheme was an attempt to develop "pure" exposure groups-that is, areaspecific exposure histories uncontaminated by possibly different formaldehyde exposures in other plant areas. Table 3 shows the distribution of deaths among the formaldehyde-exposed workers by plant area according to these three classification schemes. Interestingly, all three schemes produced very simi- exposed workers for overall cancer mortality and for non-malignant circulatory and respiratory diseases, whereas PMRs were generally higher among this group for non-malignant diseases of the nervous and digestive systems and for external causes of death. Curiously, both exposure groups show similarly raised PMRs for cancer of the digestive system, whereas the excess genitourinary cancers observed in earlier studies of this plant appear to be concentrated in the non-formaldehyde-exposed group. For the malignant and non-malignant diseases examined, no statistically significant excesses or deficits in deaths were observed among white or non-white wage earners who worked for a month or more in formaldehyde-related plant areas. For white men an overall 20*3% deficit in deaths from respiratory cancer was observed. Only one such death was found among the non-whites. All seven cancers of the respiratory system observed for the formaldehyde-exposed group were coded to cancer of the bronchus, trachea, or lungs. As of 31 December 1976, there were no deaths from sinonasal cancer among the formaldehyde-exposed or unexposed workers.* Several statistically significant excesses in deaths were observed among the white and non-white non-formaldehyde-exposed workers; however, further interpretation of these findings is beyond the scope of this study. Because of the snall number of deaths among the non-whites in this study all subsequent analyses were confined to white men. Tables 5 and 6 show observed deaths and PMRs for selected causes by age at death and time period, respectively, for the 115 white male formaldehyde-*In addition, a careful review of all 580 available death certificates showed no mention whatsoever of sinonasal cancer as a contributory cause of death. exposed decedents. The primary interest here is the trends or patterns in PMRs rather than their absolute values. No unusual patterns or trends in proportional mortality by age are discernable in table 5, but, significantly (p < 0-05) raised PMRs were observed in the youngest age group for cancer of the digestive system (2 deaths, PMR = 412-8) and for external causes of death (9 deaths, PMR = 173.6). Table 6 shows PMRs for cancer of the digestive system increasing with time, becoming statistically significant (p < 0-05) during 1970-6 (6 deaths, PMR = 223.9). A rather pronounced downward trend in PMRs was observed for cancer of the respiratory system; however, the small numbers of deaths do not permit a reliable interpretation of this trend to be made. Table 6 shows a significantly (p < 0.05) raised PMR in the earliest period examined for "all vascular lesions of the central nervous system" (3 deaths, PMR = 284-6), although this excess does not appear to be associated with any type of trend over time.
In calculating PMRs for tables 4, 5, and 6 the expected numbers of deaths were derived from the mortality experience of the entire white or nonwhite male population of the United States. The population in the Springfield, Massachusetts, area has a mortality experience that differs somewhat from that of the entire United States, and some of the excesses and deficits in deaths shown in tables 4, 5, and 6 are due to this difference. ) PMRs not shown when based on one observed death. dent, however, for cancer of the digestive system, lymphopoietic cancer, and for external causes of death. Although PMRs based on local mortality patterns may be more valid than those based on the entire United States, they were not used exclusively throughout this report because of the unavailability of a PMR base (all-cause mortality) for a significant portion of the study period. In lieu of this deficiency consideration should be given to the noted geographical variability when interpreting proportional mortality patterns based on the entire United States.
To evaluate the possibility that the overall relative deficit of cancer among white male formaldehyde-exposed workers simply reflects an excess in mortality from other major causes, PCMRs were computed for selected cancer sites. Table 9 shows observed deaths and PMRs for selected causes for the two groups of workers defined by the nature of their exposure to formaldehyde. No statistically significant excesses or deficits in deaths were observed in either exposure group for the causes of death examined. Both groups shown similar deficits in total cancer deaths; but digestive system cancer mortality is more raised among the workers whose lQngest exposure was to formaldehyde in the solid form. Table 10 shows that, overall, the formaldehyde exposures among the study group were relatively brief, since onc-half were employed less than 2-5 Table 13 shows that cancer of the respiratory system mortality was substantially higher among work- Most of the workers studied in this report were probably not exposed to formaldehyde alone but rather to a great number of chemicals that have been used in the manufacture of the major products made at the Springfield plant. A partial list of other chemicals used or produced during the history of operations includes phenol, cellulose acetate, polyvinyl butyral, amino plastics, polystyrene, and various vinyl chloride products, including vinyl chloride polymers. Although established chronic disease risks have not been associated with most of these chemicals, exposure to vinyl chloride and its polymers has been linked with raised risks for angiosarcomas of the liver, cancers of the digestive and respiratory systems, cancer of the brain, and lymphomas. '3-' Exposures to vinyl chloride most probably did not occur in the plant areas associated with formaldehyde; possibly, some men were exposed to this chemical at some time during their work history at the plant. It is uncertain now whether these possible exposures to vinyl chloride in any way affected the proportional mortality patterns among the workers studied in this report.
Thirdly, examining the proportional mortality experience of the formaldehyde-exposed workers relative to race, calendar time, age, duration of employment, and latency period generally resulted in very small numbers of deaths within most subcategories. This was particularly true for malignant neoplasms, which were studied in great detail. The small numbers of deaths in these subcategories often made trends or patterns in mortality difficult to discern. This was a particular hindrance in this study for without knowledge of actual historical formaldehyde-exposure levels, these trends and patterns provided the only means of systematically evaluating mortality in relation to occupational factors.
Small sample size was also a problem in examining proportional mortality relative to the nature of the exposure to formaldehyde. Over 68% of the white male study group spent the largest portion of their formaldehyde-related employment in plant areas where formaldehyde existed in combination with other chemicals as a solid or powdered substance. Except for rare instances, airborne exposures to formaldehyde vapour in these areas were probably very low. This means that only 36 members of this study group had worked for most of their employment in areas where significant exposures to formaldehyde vapour could have occurred routinely. Clearly, further studies of much larger groups of such workers are needed before an accurate and reliable assessment may be made of the possible mortality risks associated with exposures to formaldehyde. 
